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Nitric oxide (NO), a free radical present in biological systems, can have many 
beneficial and detrimental effects on the body. Due to NO’s short half-life, its detection 
and quantification is difficult. This inability to quantify NO has hindered researchers that 
are trying to understand NO’s impact in healthy and diseased conditions. Single-walled 
carbon nanotubes (SWNT), can become selective to various analytes when wrapped in 
specific single-stranded DNA strands. The presence of the analyte of interest can change 
the wavelength and/or intensity of the SWNT’s fluorescence, allowing the SWNT to be 
used as a sensor. One type of SWNT sensor, 6,5 SWNT wrapped with (AT)15, displays a 
selectivity towards NO, decreasing in fluorescence intensity in NO’s presence.  We have 
discovered that SWNT’s decrease in florescence is related to the concentration of NO 
present, allowing for the quantification of NO based on the decrease in signal intensity. 
The ability to quantify NO will lead to many new areas of study, such as determination of 
the effects of specific concentrations of NO on the health of a biological system, as well 
as possible applications of artificially increasing or decreasing NO levels. 
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CHAPTER 1 
Introduction, Background and Objectives 
1.1 Carbon nanotubes 
Carbon nanotubes are cylinders composed completely of carbon, discovered in 
1993 by Bethune et al.1, which possess unique material properties due to their shape and 
size. Carbon nanotubes can be classified in different ways, as well as used for various 
research purposes, as discussed below. 
 
1.1.1 Classification 
Carbon nanotubes can vary in length from 50 nm to 0.5 meters depending on the 
method used to create them2-6, but are mostly classified not by their length, but based on 
their chiral angle and type. There are two types of carbon nanotubes: single walled and 
multiwalled7. As implied in their name, single walled carbon nanotubes are composed of 
a single cylinder of carbon molecules, whereas multiwalled carbon nanotubes have 
several nested cylinders of carbon that are held together by van der Waals forces8. 
Because of their properties, we are interested in single walled carbon nanotubes and will 
only be discussing this type in the following sections. 
The most important aspect in SWNT classification is their chiral angle. SWNT 
chiral angle is referred to with an n,m notation, which refers to the angle at which a 
graphene sheet could be rolled to form the SWNT9-11. This chiral angle determines most 
of the properties of the SWNT. As such, different chiralities are used depending on the 
application of the SWNT. Since SWNT cannot be manufactured by chirality, they are 
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instead “sorted” post production. The sorting process discovered by O’Connell et al. in 
200211 disperses the SWNT into the different chiralities, allowing the desired chirality for 
the application to be selected. 
 
1.1.2 Manufacturing 
Carbon nanotubes can be made in a variety of ways, including electric arc 
discharge, laser ablation, and chemical vapor deposition and high-pressure carbon 
monoxide (HiPco)12-14. These methods vary by cost and purity/quantity of SWNT 
produced, and are the subject of constant study, with researchers looking for new and 
improved methods to create SWNT, with the ultimate goal of industrial level production 
of specific lengths and chiralities of SWNT. 
 
1.1.2.1 Electrical Arc Discharge 
Electrical arc discharge was the first method of SWNT production15. Originating 
in 1991 as a way to create C60 structures, it wasn’t until 1992 that Ebbesen et al. first used 
electrical arc discharge to produce SWNT8, 12, 16. Electrical arc discharge works as 
suggested by the name: a large current is arced between a cathode and anode, allowing a 
growth of SWNT from a base of graphite powder and a metallic catalyst15, 17. Electrical 
arc discharge tends to produce SWNT with less structural defects than other methods due 
to the higher temperatures, and yields as high as 80% have been reported15, 18-20. 
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1.1.2.2 Laser Ablation 
Another method of SWNT creation is laser ablation, reported in 1995 by Guo et 
al., which uses a laser to vaporize a graphite target in a high-temperature chamber filled 
with an inert gas13, 21-23. The gas is constantly cycled through the chamber, carrying the 
vaporized graphite into a cooler area, where it condenses to form SWNT22, 23. While more 
expensive than other methods, purity of up to 80% has been reported using laser 
ablation22-24. 
 
1.1.2.3 Chemical Vapor Deposition (CVD) 
Chemical vapor deposition was first used in 1993 by José-Yacamán et al. to 
produce SWNT14. Chemical vapor deposition is, as implied by the name, a method of 
growing SWNT via gas deposition. Basically, a metal substrate is placed in a chamber 
which is then heated, causing the substrate to form a support base for the SWNT25. Gas is 
then pumped into the chamber, acting as a carbon source, which causes SWNT to deposit 
onto the oxidized support clusters25. By controlling the size of the metal particles on the 
substrate, and introducing a strong electric field during growth, it is possible to control 
the size and orientation of the SWNT grown25, 26. This control combined with a high 
achievable purity (90%) makes CVD a popular method that could possibly be suited for 
industrial production of nanotubes27, 28. 
 
1.1.3 Properties of SWNT 
SWNT possess many unique properties, as discussed below. 
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1.1.3.1 Mechanical, Thermal and Electrical 
The most well-known property of carbon nanotubes is their mechanical strength. 
While SWNT can have tensile strengths of up to 66 GPa, multiwalled carbon nanotubes 
have been measured with the highest known tensile strength of any discovered material, 
up to 100 GPa29, 30. SWNT are also excellent thermal conductors along the axis, with a 
thermal conductivity of 3115 W/mK more than copper31, 32. The electrical conductivity of 
SWNT depends on the chirality of the SWNT, with different chiral angles resulting in 
either metallic or semiconducting SWNT33, 34. Theoretical estimates of metallic SWNT 
place the conductivity at 4*109 A/cm2, much higher than copper32, 35. In addition, because 
of the SWNT’s small diameter, electrons can only travel along its axis, causing SWNT to 
function as a 1-dimensional conductor36.  
 
1.1.3.2 Optical 
The optical properties of SWNT are of particular interest for many researchers. In 
2002, O’Connell et al. demonstrated that SWNT produced fluorescence when excited11. 
The size and chirality of a nanotube affect both the excitation and emission values of this 
signal9, 37. The is band-gap fluorescence is a result of the shape of SWNT, which causes 
the confinement of electrons to the axis38. This confinement creates a series of discrete 
states that excited electrons move between, known as Van Hove singularities9, 39. The 
movement of the SWNT’s electrons causes an observable emission signal9, 39. The 
fluorescence emission signal can be used to characterize SWNT and to serve as a non-
photobleaching fluorescent signal for research experiments. 
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1.1.4 SWNT sensors 
SWNT’s fluorescent signal is due to the movement of the electrons along its 
length, therefore when the SWNT is in close contact with other particles, including other 
SWNT, the fluorescence is quenched. For biological experiments, researchers typically 
want to use their sensors in a water-based solution. Unfortunately, raw SWNT are 
naturally hydrophobic, and will form aggregates in water, quenching their fluorescent 
signal. This property makes raw SWNT undesirable for use in biological settings. In 
addition, raw SWNT are unreliable sensors, as they are not selective in their 
interactions40, 41. 
To combat the issues inherent in raw SWNT, they are frequently functionalized 
with hydrophilic entities before being used in biological research42-44. One of the 
polymers that is most commonly used to create SWNT sensors is single-stranded DNA45. 
Single-stranded DNA are an ideal polymer to wrap SWNT due to their amphiphilic 
properties, the hydrophobic portion naturally interacts with the SWNT while the 
hydrophilic portion interacts with the water based solution in which they are dissolved. In 
addition, DNA wrapping does not impede SWNT’s natural fluorescence, an important 
factor for fluorescence based sensors. DNA strands can also block interaction between 
the SWNT and analytes in the surrounding solution. When DNA strands are able to block 
interactions with all but one or two analytes, a sensor is developed. 
Fluorescence based SWNT sensors function by allowing an analyte into close 
contact with the SWNT and changing the dielectric environment, resulting in a change in 
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fluorescence11, 46. Depending on the type of sensors, this can result in either a change in 
signal intensity or a change in the wavelength of the fluorescence peak43, 47, 48. 
Another aspect of SWNT sensors that makes them ideal for use in biological 
environments is that their emission falls within the tissue transparency window 49-51. The 
tissue transparency window is the range of wavelengths, approximately 650 to 1350 nm, 
in which neither blood or water absorb light, allowing for greater fluorescence detection 
in biological solutions52. The SWNT’s lack of photobleaching, loss of fluorescent signal 
over time when exposed to light, is another property that makes it advantageous as a 
biological sensor since most optical sensors can only be used for short time periods due 
to photobleaching53, 54. SWNT sensors exist for a wide range of analytes, including 
dopamine42, HIV RNA55, glucose46, and reactive species38, 41, suggesting many practical 
applications of SWNT sensors. 
 
1.1.5 Surface deposition of SWNT 
 Deposition of SWNT onto a substrate is a common practice, especially for cell-
based research.  As such, there have been several methods developed for SWNT 
attachment to a surface, including the use of aminopropyl silane42, 43, 48, 56, avidin 
isoforms43, 56, and biotinylated BSA with neutravidin51. These methods rely on 
electrostatic or non-specific interactions to hold the SWNT in place, and while standard, 
these methods are often poorly described and characterized, and result in an uneven 
distribution of SWNT41, 48, 57. Researchers often combat the lack of an even distribution 
of SWNT by selecting a specific, very focused area to image. 
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The Iverson Laboratory recently developed a method to create a high 
concentration, evenly distributed SWNT sensor platform. This method of surface 
deposition is performed by exposing SWNT that is wrapped with biotinylated DNA to 
avidin covered glass slides58. The avidin-biotin interaction ensures the attachment of the 
SWNT and has several advantages over previous methods of deposition58. With this new 
method, the SWNT is evenly spread across the glass substrate and it remains attached 
because of the strong avidin-biotin interaction that holds the SWNT in place. 
 
1.2 Nitric oxide (NO) 
Nitric oxide is a naturally occurring free radical within the body, where it is 
known to impact endothelial relaxation59, antimicrobial properties that boost the immune 
system60-62, the central nervous system where it acts as a nonlinear neural transmitter63, 64, 
and the vascular system where it mediates vasodilation, platelet aggregation, and 
leukocyte adhesion65. NO is also involved in the progression of several diseases, such as 
cancer, sepsis, multiple sclerosis, and various autoimmune diseases60, 63, 65-86. NO is often 
reported as having conflicting (both positive and negative) effects on disease states, likely 
due to the difficulty of accurately measuring NO 67-80. 
The difficulty in NO quantification is due to its short half-life, reported to be less 
than a millisecond in blood87-89, and its low concentration in biological settings, reported 
to range from 1 nM to 1 µM 81, 90. The interference of other reactive species surrounding 
the NO in biological settings also leads to difficulty in accurate quantification 91-101. 
Despite these difficulties, several sensors have been developed to try to quantify NO in 
vitro and in vivo, some of which are detailed below. 
8 
 
 
1.2.1 NO sensors 
The two most commonly used methods for NO detection and quantification are 
the Griess assay and electrochemical probes102, 103. However, both methods have 
limitations that prevent them from accurately quantifying NO in biological settings. 
 
1.2.1.1 Griess assay 
The standard method of NO detection is the Griess assay. Unfortunately, the 
Griess assay actually measures nitrite concentrations and then back calculates the 
concentration of NO that would lead to these values102. When sulfanilamide and N-(1-
naphthyl)ethylenediamine come into contact with the nitrite, a downstream product of 
NO, in the sample of interest, there is a shift in absorbance values that can be correlated 
to the absorbance in a solution of a known nitrite solution 102. The concentration of nitrite 
in the sample is then used to estimate the concentration of NO in the original sample 102. 
While simple, easy-to-use, and available for purchase, the Griess assay is limited 
by a lack of both spatial and temporal resolution. More importantly, since the Griess 
assay doesn’t measure NO directly, it is prone to errors since the environment in which 
the NO is located can lead to its decay into a number of different molecules, such as 
nitrite104, sodium formate105, methemoglobin93, or nitrogen dioxide106. 
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1.2.1.2 Electrochemical probes 
Another popular method of NO detection is with an electrochemical probe103. A 
great variety of probes with different mechanisms have been documented, but most 
probes share some similarities107. 
An electrochemical NO probe works via a membrane that covers the probe, which 
is selective towards NO107. The NO then reacts to form ions, which are read by the probe, 
giving feedback in real-time, which is a benefit of electrochemical probes over the Griess 
assay 107. However, electrochemical probes suffer from many limitations, including a lack 
of spatial detection, the necessity of a probe and connecting wires, and a lack of 
commercial availability103. When combined, these limitations make electrochemical 
probes less than ideal for use in biological environments. 
 
1.2.1.3 SWNT sensors 
As mentioned above, SWNT can be made into sensors for various analytes, 
including NO. In 2010 Zhang et al. developed an NO sensing SWNT by wrapping 6,5 
SWNT with (AT)15 single-stranded DNA 
48. The (AT)15 wrapped 6,5 SWNT has both 
spatial and temporal resolution for NO detection, making it ideal for in vitro and in vivo 
research. This sensor does have some downsides though, including the lack of 
commercial availability and the inability of determination of an NO concentration from 
the sensor, which currently only provides information about increases or decreases in 
concentrations, not a specific value. Our research, as detailed in the following chapter, 
addressed the second constraint, providing information about techniques that can be used 
to determine NO concentration from changes in SWNT fluorescence values.  
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CHAPTER 2 
2.1 Abstract 
Nitric oxide (NO), a free radical present in biological systems, can have many 
detrimental effects on the body, from inflammation to cancer 60, 63, 65-86. Due to NO’s 
short half-life, detection and quantification is difficult 81, 91, 92. The inability to quantify 
NO has hindered researchers’ understanding of its impact in healthy and diseased 
conditions. Single walled carbon nanotubes (SWNT), when wrapped in a specific single-
stranded DNA chain, becomes selective to NO, creating a fluorescence sensor. 
Unfortunately, the correlation between NO concentration and the SWNT’s fluorescence 
intensity has been difficult to determine due to an inability to immobilize the sensor 
without altering its properties. Through the use of a recently developed sensor platform, 
systematic studies can now be conducted to determine the correlation between SWNT 
fluorescence and NO concentration. This paper explains the methods used to determine 
the equations that can be used to convert SWNT fluorescence into NO concentration. 
Through the use of the equations developed in this paper an easy method for NO 
quantification is provided. The methods outlined in this paper will also enable researchers 
to develop equations to determine the concentration of other reactive species through the 
use of SWNT sensors. 
 
2.2 Introduction 
Nitric oxide (NO), a naturally occurring chemical in the body, plays a role in the 
vascular, immune, and central nervous system 60, 63, 65, 66, 81, 85, 86. NO has also been 
implicated in the progression of several diseases, such as cancer, sepsis, multiple sclerosis, 
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and various autoimmune diseases 60, 63, 65-86. Unfortunately, NO has been reported to have 
both positive and negative effects on disease progression 67-80. 
The contradiction in NO’s role in disease progression is likely due to the difficulty of 
accurate and rapid detection of NO, which is necessary due to NO’s low concentration, 
ranging from 1 nM to 1 µM, and short half-life, estimated at less than 1 ms to multiple 
seconds in biological samples 81, 87-101. 
Popular methods of NO detection, including the Griess assay, liquid scintillation 
spectroscopy, and various electrochemical probes, suffer from limitations, including 
detection of upstream or downstream products of NO, rather than NO itself, and a lack of 
spatial detection 108-110. Downstream measurements of NO are frequently inaccurate 
because NO decays into different molecules, such as sodium formate 105, methemoglobin 
93, or nitrogen dioxide 106, depending on the chemical makeup of the environment. 
Upstream assays for NO encounter similar quantification issues, since the formation of NO 
is dependent on multiple cell specific characteristics 109. The conflicting reports about NO’s 
concentration demonstrate the need for a quantification method capable of directly 
detecting biologically relevant NO concentrations. 
Single walled carbon nanotubes (SWNT) can be wrapped with various polymers to 
create optical sensors for different analytes, including NO, reactive oxygen species, insulin, 
and dopamine 41-43, 48, 55, 111-113 . SWNT sensors react to their analyte of interest with a 
positive or negative change in fluorescence intensity and/or a wavelength shift 48, 112, 114, 
115. Researchers are interested in developing SWNT as sensors for biological applications 
since their emission wavelength falls within near-infrared range, an area in which water 
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and blood have limited interference, and they do not photobleach, therefore providing a 
long term fluorescence sensor 9, 11, 54. 
When 6,5 SWNT is wrapped with (AT)15 a fluorescence quenching NO sensor is 
created 48. Due to their lack of photobleaching, real time response rate, analyte specificity, 
and ability to detect NO over long time periods, these SWNT sensors are preferential to 
many other NO sensors 48, 54, 116-119. Unfortunately, the (AT)15 SWNT sensor does not have 
a linear fluorescence quenching rate compared to NO concentration, so the determination 
of the actual NO concentration, as opposed to changes in the concentration, were never 
before determined. In this paper we develop a mathematical model to convert the change 
in SWNT fluorescence into NO concentration. 
 
2.3 Materials and Methods 
2.3.1 SWNT Sensors 
SWNT sensors were made as previously described 114. Briefly, single stranded (AT)15 
DNA was added to 6,5 SWNT in nanopure water in a 2:1 ratio. The SWNT and DNA 
solution was placed in a bath sonicator for 10 minutes, tip sonicator for two 20-minute 
periods, and then centrifuged twice. The remaining supernatant was then analyzed on a 
ultraviolet-visible spectrometer (UV-Vis) to determine its concentration 48. 
 
2.3.2 Attachment of SWNT to glass surface 
The SWNT sensors were adhered to a glass slide using a previously described method. 
Briefly, the glass slides were treated over the course of five days with piranha solution, 
GPTMS, and avidin, before incubating with biotinylated SWNT 120. 
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2.3.3 Nitric Oxide Solution 
Both a NO and NO-free control solution were made as previously described 38. Briefly, 
12 mL of saline was placed in two sealed round-bottomed flasks. Argon was bubbled into 
both flasks for 20 minutes to de-oxygenate the saline, then NO was bubbled through a 
single flask for 5 minutes to create a NO solution. 
 
2.3.4 Determining NO concentration via horseradish peroxidase 
NO concentration was determined as previously described by Qiang et al. 121. Briefly, 
NO was mixed with a horseradish peroxidase solution (final concentration 1.36 µM). The 
absorbance values at 405 and 420 nm were collected and used to calculate NO 
concentration via Qiang et al.’s formula 121. 
 
2.3.5 Preparation of Slides for imaging 
Before imaging, the slides were tightly fitted to a holder by means of thermal 
expansion. They were then allowed to cool and reach thermal equilibrium, before adding 
4 mL of saline. The slides were placed on the microscope and imaged for 2 minutes 
establish a baseline. After that, 400 µL of saline was withdrawn from the slide holder, to 
ensure the slide stayed in focus when the 400 µL of NO was injected. 
 
14 
 
 
 
 
 
 
2.3.6 Detecting SWNT response to NO 
Sensitivity and reactivity of the SWNT sensors to NO was determined using the 
custom‐built near infrared microscope. SWNT fluorescence was monitored while solutions 
of NO at different concentrations were added (400 µL of NO solution to a 3,600 µL saline 
bath). Images were collected every 200 milliseconds for 6.5 minutes, with the NO injection 
at 2.5 minute timepoint. A custom developed program was used to analyze sample intensity 
over time. 
 
2.3.7 Mathematical analysis 
Mathematical analysis was performed under the supervision of a trained statistician. 
First, the average brightness for each frame of the video was extracted via a custom 
developed program (Supplemental File 1) and smoothed using a standard 3-point median 
filter. 
Figure 1: Schematic of testing process. Sensor coated slide is placed into a heated slide holder 
and then bathed in saline (25 C). The slide/slide holder was placed on the upright microscope and 
imaged before and after the addition of various NO concentrations. With the addition of 
increasing concentrations of NO there is a decrease in the fluorescent signal emitted by the SWNT. 
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The signal intensity difference was found by averaging the last quarter of the data 
collected before injection for the initial value, and the final quarter of the data collected 
after the injection of NO for the final value, and then subtracting the final value from the 
initial value. 
The slope was determined using the local maximum and local minimum from the first 
half of the data after the injection of NO. 
Each collection of NO concentrations was averaged, and the linear section of the graph 
was fit with an equation correlating NO concentration and either fluorescent signal 
intensity difference or the slope of the fluorescent signal. 
 
2.4 Results and Discussion 
2.4.1 Experimental Setup 
An important aspect for analyzing the change in SWNT fluorescence due to NO 
exposure is the stabilization of the SWNT. Therefore, it was important that the sensor 
coated slides be analyzed within a device that kept them from moving and also allowed for 
the saline bath used in the experiments. A slide holder was 3D printed developed to fulfill 
this purpose. Before use, the slide holders were expanded via heat, and then the slide was 
placed in the holder, which was allowed to cool, creating a tight seal between the slide and 
the holder. 
Once the sensor coated slide was stabilized it was imaged with a custom-made upright 
microscope. The SWNT was excited via a 561 nm wavelength laser, and the subsequent 
emissions at 990 nm were read by a 20x objective with an exposure time of 200 ms for a 
total duration of 6.5 minutes. The sensors were exposed to various concentrations of NO 
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as well as a non-NO control while fluorescence intensity readings were collected (Figure 
1). 
The SWNT sensors respond to the different concentrations of NO by quenching to 
different extents (Figure 2). An addition of 0.1 µM or higher concentrations of NO resulted 
in a measurable decrease in fluorescence when compared to the non-NO control (n = 3 - 
7). The addition of higher concentrations of NO resulted in a lower final fluorescence 
intensity when compared to the final intensity of samples exposed to lower NO 
concentrations (Figure 3A). 
 
 
 
The lower limit of detection for the SWNT was found to be 0.1 µM, with 
concentrations of NO below 0.1 µM resulting in changes of fluorescence that were within 
the noise range of the 0 µM control samples. The lower limit of detection does eliminate 
the use of the sensors to detect some biologically relevant NO levels, but we will be able 
to use the sensors to investigate higher levels of NO, which are hypothesized to occur 
during disease states. With the current system, the SWNT does not have a discernable 
upper limit for detection, but it does have an upper limit for differentiation between 
concentrations. When 30 µM NO is added to the system the SWNT becomes fully 
saturated. Increasing the NO concentration beyond that point will not change the 
Figure 2: Fluorescence quenching curves. A) An example quenching curve before and after the 
addition of 10 µM NO. B) Signal intensity over time, forming quenching curves that display the 
average response of the SWNT sensors to different concentrations of NO. 
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observable fluorescence intensity. Therefore, we have set the functional upper limit of 
quantification to be 30 µM. Collection of data at additional concentrations, for example 15 
and 20 µM, was attempted, but all of the slides that were created for these experiments had 
unusable SWNT signal before the addition of NO was attempted. Since the exact point of 
sensor saturation was not essential for this research and there is a large input of both time 
and money to rerun the experiments, we decided to move forward without the additional 
conditions. 
 
 
 
 
The goal of this project was to develop a mathematical model that correlates the 
response of the SWNT sensors to NO concentration. While the SWNT responds to NO 
over a wide variety of concentrations, the response is not always linear. However, the 
statistical analysis of the data, as described in the materials section, was limited to a linear 
section of the graph (Figure 3B), to ensure a more accurate curve fit. The quenching was 
found to have a linear fit within the range of 0.1 to 10 µM when determined through 
analysis of the difference in initial vs final signal intensity. The equation comparing the 
drop in fluorescence intensity to NO concentration is x = (y - 28.59)/3.73, where y is the 
change in fluorescence and x is the concentration of NO in µM. 
Figure 3: Difference in signal intensity for different NO concentrations. A) The change in 
fluorescence intensity of the SWNT compared to NO concentration, with individual data points in 
red and averaged data points in black and B) Concentration curve (x = (y – 28.59) / 3.73, with x 
= NO concentration in µM and y = difference in fluorescence intensity) that can be used to 
convert SWNT fluorescence changes into NO concentration. R2 value = 0.99 
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Since the lower concentrations of NO are of interest in biological settings, we have 
also created an equation comparing the slope of the fluorescent signal with NO 
concentration (Figure 4). When analyzing data comparing the slope of the fluorescence 
quenching with NO concentration a linear equation can be determined for concentrations 
of NO from 0 µM to 10 µM. The equation comparing the slope of the fluorescence intensity 
to NO concentration is x = (y + 0.24)/0.38, where y is the slope of the fluorescent signal 
and x is the concentration of NO in µM. 
 
 
 
 
We are choosing to report both methods of NO concentration quantification since there 
are situations for which each method is preferable. When a researcher is interested in the 
total concentration of NO added to a system the change in SWNT’s initial to final 
fluorescence will provide the necessary information without the complication of noise in 
the system as more/less NO is being released in short time spans. Whereas the 
quantification of NO concentration via the slope of the fluorescent signal will be beneficial 
for situations in which temporal data is required. Other methods of analysis suggested for 
Figure 4: Slope of signal intensity after the addition of different concentrations of NO. A) The 
slope of the fluorescence intensity of the SWNT compared to NO concentration, with individual 
data points in blue and averaged data points in black and B) Concentration curve (x = -(y + 0.24) 
/ 0.38, with x = NO concentration in µM and y = slope of signal intensity) that can be used to 
convert SWNT fluorescence changes into NO concentration. R2 value = 0.99 
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future research are modelling the response of the SWNT fluorescence as a first-order 
system, which would allow for quantification to occur more rapidly. 
One example of a situation in which temporal NO concentration quantification is 
important, but data at the minute time scale, not seconds timescale, would be beneficial is 
in the quantification of extracellular NO in vitro. It is hypothesized that extracellular NO 
concentrations are increased in some cancer cells, with the change in intensity model 
described above we would be able to quantify the concentration of NO for both normal and 
cancerous cells. If we can find a distinct difference in extracellular NO levels for diseased 
cells, we could use our system to quantify concentrations of NO for patient samples to 
determine the likelihood that their cells are cancerous. A timely detection of NO is required 
in this situation, but the resolution of detection does not need to be lower than one minute. 
These models do have some limitations, including the fact that the SWNT must be 
adhered to a glass slide, meaning that extracellular NO can be quantified, but intracellular 
NO concentrations are not currently quantifiable. The results also take more time to obtain 
and process, when compared to a traditional electrochemical probe. But, with the 
development of this model NO concentrations can be analyzed spatially down to the µM 
scale, which is not feasible with current electrochemical probe technology. The 
understanding of the methods for NO concentration quantification will also assist in the 
development of equations to quantify intracellular NO concentrations in vitro and 
extracellular NO concentrations in vivo. 
 
2.5 Conclusion 
Two methods of NO concentration quantification have been developed, both for real-
time and longer time period data collection modalities. These equations allow for spatial 
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resolution when imaging, opening up possibilities that could not be previously explored 
via the standard detection method of an electrochemical probe. 
With this work, we have improved a tool for the study of NO in living systems and 
created a template for the development of mathematical relationships to determine analyte 
concentration from SWNT sensors. 
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CHAPTER 3 FUTURE DIRECTIONS 
3.1 Creation of mathematical models to quantify other analytes 
The process outlined here is valid for 6,5 (AT)15 SWNT and opens several new 
pathways for research. However, the most important part of this process was successful 
execution of the concept. With proof of concept, there is now a basis for the creation of 
more SWNT sensor models, following the same steps outlined here. In theory, this will 
allow the quantification of any analyte that can currently be detected by a SWNT sensor. 
 
3.2 Extracellular detection of NO 
Extracellular detection of any analyte poses unique challenges. Previously, SWNT 
was a popular choice for spatial detection of extracellular NO, but we were unable to 
quantify NO concentrations. With the model described here, and the platform 
documented by Stapleton et al.120, extracellular quantification of NO is now possible. 
This will lead to new research into the role of NO within, and between, individual cells. 
 
3.3 Real time detection 
SWNT sensors are not often used for real-time detection, as the signal needs time 
to resolve before being read and related to a quantity. While the mathematical model 
described in this paper does not completely eliminate the problem, it does decrease it. 
The quantity of NO detected can be related to the slope of the quenching curve, rather 
than the change in fluorescence, decreasing the amount of time necessary to quantify NO 
concentration. By decreasing the amount of time necessary to determine NO 
concentration, it is possible that we will be able to quantify the concentration of NO 
within a living system as NO is constantly being created and used. The ability to 
determine the exact NO concentration within cells would impact many areas of research. 
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3.4 Ratiometric sensors 
Another common SWNT sensor, 7,6 (GT)15, detects both NO and hydrogen 
peroxide (H2O2)
41. This decreased selectivity means that 7,6 (GT)15 has been passed over 
in favor of more selective sensors. However, 7,6 (GT)15 poses a unique opportunity-the 
creation of a radiometric SWNT sensor. When combined with 6,5 (AT)15, the detection of 
both NO and H2O2 simultaneously becomes possible, especially since 7,6 (GT)15 and 6,5 
(AT)15 can both be excited by the same wavelength
41, 48. With the first step of a 
mathematical model for NO on 6,5 (AT)15 sensors created, the next step is the 
development of a mathematical model to quantify both NO and H2O2 from the 
simultaneous detection of 7,6 (GT)15 and 6,5 (AT)15. 
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